The occurrence of consensus phosphorylation sites in the intracellular domain of the Alzheimer's amyloid precursor protein (APP), coupled with observations of their in vivo phosphorylation, prompted several workers to investigate the effects that phosphorylation of such sites could have on APP metabolism and subsequent Aß production. However, hitherto all attempts to dissect the role played by such phosphorylation events failed to reveal substantial effects. Having decided to revisit this problem, our new approach was based on the following vectors: (1) site-directed mutagenesis of the target amino acids to mimic a specific phosphorylation state, (2) expression of wild-type and mutant APP-GFP (green fluorescent protein) fusion proteins for ease of visualization, (3) controlled low level expression to avoid 'flooding' cellular pathways, and (4) the use of cycloheximide to inhibit de novo protein synthesis. Using this method we were able to detect specific differences in APP processing that were correlated with the mimicked phosphorylation state of several phosphorylation sites. New combined methodologies, like the one described here, allow for the detailed analysis of key control points in the cellular metabolism of specific proteins that are central to neurodegenerative diseases and may be under the control of specific posttranslational modifications, such as reversible phosphorylation.
Introduction
The amyloid cascade of Alzheimer's disease is widely accepted as a hypothesis of the molecular basis of this complex multifactorial neurodegenerative disorder [1] . In essence, the theory defends that one of the most important steps in the disease onset and/or development involves the formation and deposition of characteristic cerebral amyloid plaques, whose main constituent is a 4-kD toxic peptide termed Aß [2, 3] . In fact, Aß appears to comprise a heterogeneous mixture of peptides ranging in size from 38 to 44 amino acids. These peptides arise from sequential proteolytic cleavages of the Alzheimer's amyloid precursor protein (APP). This large and ubiquitous protein can exist in various alternatively spliced isoforms [4, 5] . Although the specific functions of each isoform have not been fully elucidated, of the various known splice variants, APP 695 (comprising 695 amino acids) is typically referred to as the neuronal isoform, being relatively abundant in the brain [4, 5] . APP can be processed via the secretory pathway, travel-ing sequentially from the endoplasmic reticulum (ER), through the Golgi network, to the cell surface. It is N-glycosylated [6] and subsequently matures through O-glycosylation upon being transported through the Golgi complex [7] . Once inserted into post-trans Golgi network (post-TGN) secretory vesicles, APP travels to the plasma membrane where it can be cleaved and secreted, or undergoes endocytosis to be recycled or degraded [for review see 8] . Subcellular localization studies indicate that most APP resides in the Golgi complex [9] , and in neuronal cells it can also be transported from the cell body down axons by fast axonal transport [10, 11] .
APP molecules are cleaved during intracellular trafficking, producing various cleavage products, including secreted APP (sAPP), which is released into the medium of cells in culture, and Aß [12] [13] [14] . A small proportion of Aß peptides are generated in the ER [15] , but the majority is thought to be generated in the Golgi complex [16] , packaged into post-TGN vesicles and then secreted extracellularly. Adding to the complexity of Aß production, this toxic peptide can also be produced following APP endocytosis from the cell membrane [17] .
During the last decade various studies have addressed APP expression, processing and subcellular localization in an attempt to identify factors affecting APP cellular metabolic pathways and to subsequently modulate the rate of Aß production. Studies have included RT-PCR [18] , phosphorylation site mutants [19] , in situ hybridization [4] , immunocytochemistry [9] and subcellular fractionation [20] . Although extremely informative, such approaches are mostly nondynamic analytical methods that may be insufficient to address alternative APP-processing pathways. Clearly, new approaches are needed to further refine our understanding of APP trafficking, particularly with regard to signal transduction. Recently, Pimpl and Denecke [21] underlined the importance of recent developments in the field of vital fluorescence imaging enabling quantitative protein transport assays and allowing the implementation of in vivo approaches. Indeed, the combination of several methods can be used to unravel protein traffic kinetics and protein interactions. The use of fluorescently tagged proteins, like GFP (green fluorescent protein) translational fusions, provides an extremely powerful tool to address specific protein-trafficking questions. Since protein processing via the secretory pathway involves protein-protein interactions, the introduction of specific alterations in the functional domains of APP may allow us to address the role of the mutated residues in the protein's traffic. Furthermore, protein-protein interactions are highly regulated by protein phosphorylation systems, e.g. binding of APP to the adaptor protein Fe65 [22] . Protein phosphorylationdependent processing of APP has been demonstrated by several groups [22] [23] [24] [25] . The production of APP fragments (among them sAPP and Aß) appears to be regulated by direct or indirect protein phosphorylation, given that both phorbol esters and protein phosphatase inhibitors significantly increase sAPP secretion and decrease Aß production [24, [26] [27] [28] [29] . Nonetheless, the precise role of protein phosphorylation in APP processing remains to be elucidated. In this paper we describe the development of a dynamic system using a combination of molecular biology, fluorescence imaging, cell culture and biochemical techniques to monitor APP trafficking and to evaluate the effects of mutating potential phosphorylation sites and the modulation of specific signaling pathways.
Methods

APP-GFP Fusion Constructs
Point mutations were introduced in specific serine, threonine or tyrosine residues on the APP cytoplasmic domain using site-directed mutagenesis, as previously described [26] . Mutations were introduced into all three signaling domains known to be phosphorylated on the cytoplasmic domain of APP [30] . Serine and threonine residues were mutated to mimic a constitutively phosphorylated site (Glu) or a constitutively dephosphorylated site (Ala), whereas tyrosine residues were mutated to Glu or Phe, respectively [31] . Both wild-type and mutated APP cDNAs were fused in frame with GFP in the pEGFP mammalian expression vector (Clontech, USA) using standard molecular biology techniques. Briefly, APP cDNAs were amplified by polymerase chain reaction using specifically designed primers that removed the stop codon and introduced appropriate restriction sites for ligation into the pEGFP expression vector. All constructs were verified by DNA sequencing to ensure that GFP was fused C-terminally to the APP-coding region and that the required mutations were present.
Cell Culture and Recombinant APP Expression
Monkey kidney COS-7 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum at 37°C and in an atmosphere of 5% CO 2 /95% air. Cells were normally grown in 100-mm plates at subconfluent conditions before transfection. Cell transfections with both wild-type and mutant APPGFP expression constructs were performed using the LipofectAMINE 2000 (Invitrogen Life Technologies) cationic lipidic transporter. After 8 h, cells were divided into six-well plates with (trafficking studies) or without (processing studies) coverslips pretreated with 100 mg/ml polyornithine, and allowed to recover for a 4-hour period. For our experimental model, cells were incubated in serum-free DMEM supplemented with 50 mg/ml cycloheximide (Sigma) to inhibit de novo protein synthesis. At the indicated times, cultures were either fixed in 4% paraformaldehyde (trafficking studies) or collected as described below (processing studies). The concentration of cycloheximide to be used in the experimental model was assessed in a pilot experiment. Cycloheximide at different concentrations (15-100 mg/ml) was added to cul-da Cruz e Silva/Vieira/Rebelo/ da Cruz e Silva tured cells and after 1 h the levels of intracellular APP were determined by immunoblot analysis, as described below.
Monitoring Intracellular APP-GFP Trafficking by Fluorescence Microscopy
After fixation, coverslips were observed using an Olympus IX-81 inverted epifluorescence microscope. Transfected cells were easily identified by the expression of GFP-tagged APP. Cell populations (120 cells/coverslip) were monitored for the presence or absence of fluorescence in specific subcellular compartments, such as the ER, Golgi apparatus, cytoplasmic vesicles, plasma membrane or nucleus. In order to verify the correct identification of the subcellular structures, antibodies against specific marker proteins were used for colocalization studies. For example, anti-calnexin antibodies (Stressgen) were used to mark the ER and anti-syntaxin 6 antibodies (BD Transduction Laboratories) to mark the Golgi network. Subsequent immunodetection was carried out using Texas Red-linked secondary antibodies (Molecular Probes).
Immunoblot Analysis of APP and APP-GFP Processing
In parallel with the protein trafficking assays, the processing of APP-GFP fusion proteins (both wild-type and phosphomutants) was also analyzed by immunobloting. At the specified time points, both cells and conditioned medium were harvested into 1% SDS and processed as previously reported [32] . Holo-APP was detected by immunoblotting with the anti-APP N-terminal 22C11 antibody (Roche), followed by incubation with a horseradish peroxidase-linked secondary antibody and detection by enhanced chemiluminescence (Amersham Pharmacia). Quantitative analysis of specific immunoreactive proteins was carried out [33] by densitometric analysis of the autoradiograms using Quantity One software (BioRad) .
In order to analyze the expression of the different APP isoforms several peripheral tissues and brain regions were dissected, homogenized in 1% SDS and APP expression was assessed by immunoblotting using the 22C11 antibody. Various cell lines were also tested for APP expression.
Results
Constitutive phosphorylation of serine, threonine and tyrosine residues can be simulated by mutating those amino acids to glutamate, whereas their constitutive dephosphorylated state can be mimicked by alanine (for serine and threonine) or phenylalanine (for tyrosine). Serine, threonine and tyrosine are amino acids with hydroxyl groups that can be phosphorylated by protein kinases, yielding negatively charged phosphoryl groups ( fig. 1 ). Glutamate and aspartate are nonphosphorylatable amino acids with a carboxylic group whose negative charge and size mimic the presence of the phosphate-negative charge in a phosphorylated amino acid. Alanine and phenylalanine are nonphosphorylatable (lacking the phosphorylatable hydroxyl group) and nonpolar residues that are similar in size to serine/threonine and tyrosine amino acid residues, respectively.
The power of designing specific single or multiple amino acid substitutions in the cytoplasmic domain of APP by site-directed mutagenesis was further extended and refined, by subsequently tagging wild-type and mutant APP with GFP, in order to allow their intracellular localization to be easily tracked. Besides wild-type APP-GFP, several mutant constructs were prepared in the expression vector pEGFP ( fig. 2, table 1 ). Constitutive phosphorylation of Ser655, Thr668, Tyr682 and Tyr687 was mimicked by mutating each to glutamic acid. All expression constructs used the APP 695 isoform, which is commonly referred to as the neuronal isoform owing to its relative abundance in brain. In fact, immunoblot analysis of both peripheral tissues and brain regions, and a comparison of nonneuronal cell lines to cells with neuronal characteristics confirmed this assertion ( fig. 3) . COS-7 cells were chosen for subsequent use since they expressed low levels of the APP 695 isoform, can be easily and efficiently transfected and have already been used previously for APPprocessing studies.
Another aspect essential to the success of our model involved optimizing the transfection in order to maintain relatively low levels of recombinant APP expression. The model relies on expressing recombinant APP and endogenous APP at similar levels, thus avoiding overexpression of transfected APP that could result in the saturation of normal cellular pathways. Preliminary studies indicated that since not all constructs exhibited similar transfection efficiencies, the amounts of recombinant APPGFP produced needed to be assessed for each by immunoblot analysis. Since they are relatively easy to transfect and usually exhibit robust expression of recombinant proteins, COS-7 cells were transfected to produce low levels of protein expression. Using the manufacturer's recommended conditions excessively high transfection levels were achieved. Therefore, the amount of recombinant plasmid DNA used in the transfection mixture was reduced to tightly control the production of recombinant protein. Hence, APP-GFP expression levels similar to endogenous APP levels were obtained ( fig. 3) . In this respect, the B103 cell line may also represent a potentially interesting model. Although previously described as not expressing detectable APP [34, 35] , our results clearly indicate that this cell line expresses basal amounts of APP that, although lower than for COS-7 cells, can nonetheless be easily detected ( fig. 3d ). Quantitative analysis indicated that basal APP levels in B103 are approximately 25% that of COS-7 cells.
Also critical to the methodology developed was that de novo protein synthesis was inhibited by the addition of Fig. 1 . Comparison of phospho-and dephosphoamino acid structures with their corresponding mutants. Phosphorylated and dephosphorylated serine, threonine and tyrosine residues are shown in boxes. Phosphorylation is catalyzed by protein kinases, whereas dephosphorylation is catalyzed by protein phosphatases. The thin arrows indicate how each amino acid compares with its structural mimic. All mutations were performed by site-directed mutagenesis and confirmed by DNA sequence analysis. cycloheximide to the culture medium and APP trafficking/degradation was monitored and compared over time. Cycloheximide reversibly inhibits protein synthesis by blocking mRNA translation at the level of polypeptide translocation, without affecting the cellular constitutive secretory pathway, at the concentration and incubation times used [36] . The concentration of cycloheximide chosen for the experimental model was 50 mg/ml, since this concentration produced 60 and 80% decreases in immunodetectable intracellular APP at 1 and 3 h (fig. 4, 5a, c) , respectively.
Wild-type APP 695 -GFP fusion protein appears to be processed and degraded in approximately 4 h (data not shown) and to follow the expected cellular secretory pathway [9] . Thus, APP-GFP fluorescence was first detected in the ER with a typical perinuclear distribution ( fig. 5a, 1 h) , traveled to and through the Golgi complex as it matured ( fig. 5a , 1:00-3:00 h), and was subsequently found in cytoplasmic vesicles (e.g. Golgi secretory vesicles) and the plasma membrane ( fig. 5a, 3 :00 h). Subcellular localizations were confirmed by colocalization studies with several markers, in particular calnexin and syntaxin 6 which label da Cruz e Silva/Vieira/Rebelo/ da Cruz e Silva the ER and TGN, respectively ( fig. 5b ). Corresponding studies monitoring intracellular and sAPP revealed that wild-type APP-GFP matured and was secreted in a similar manner to endogenous APP ( fig. 5c ).
Interesting differences between the intracellular trafficking kinetics of wild-type and phosphomutant APP proteins could be observed ( fig. 6 ). Data thus far obtained has elucidated that specific mutations have a direct effect on intracellular APP targeting and its subsequent processing. For example, mimicking constitutive phosphorylation of residues Ser655, Tyr682 and Tyr687 resulted in clear differences in the efficiency of APP incorporation into cytoplasmic vesicles. Whereas the incorporation of the S655E mutant into vesicles was similar to wild-type APP, the Y682E and Y687E mutants were largely absent from cytoplasmic vesicles. Interestingly, constitutive dephosphorylation of the Tyr682 site (Y682F) appears to result in retention of APP in the Golgi (fig. 6 ). Further experiments are under way to allow a detailed comparison of the processing not only of the mutants described above (table 1), but also of specific double mutants and deletion mutants.
Discussion
Recent work from our laboratory has been successful in developing a model system directed at unraveling phosphorylation-dependent APP processing. Prerequisites for studies aimed at clarifying the functional impact of the phosphorylation of specific amino acids necessitate quantitative and stable modification of the target residues. Thus, mimicking constitutive phosphorylation/dephosphorylation allows the in vivo and in vitro evaluation of the functional impact of phosphorylating specific amino acids, without the potential interference of cellular phosphatase and/or kinase activities that may act upon those sites [31] . The inclusion of cycloheximide was particularly useful since it dramatically reduced the background of fluorescent fusion proteins being continuously synthesized. In its presence, since de novo protein synthesis was considerably inhibited, the previously synthesized APP-GFP population was preferentially detected and followed. This drug has been used previously to study the importance of specific posttranslational protein modifications, such as prenylation [37] , and the role of protein synthesis in apoptosis [38] , gene expression [39] and steroidogenesis [40] . The data presented here were obtained using COS-7 cells, as justified in the Results section. However, for subsequent experimentation, neuronal B103 cells are also being used, given that they express low levels of APP and provide an attractive model for studying neuronal systems.
The methodology established consisted of the combined usage of site-directed mutagenesis, in-frame fusion with a reporter gene (GFP) in a mammalian expression vector, mammalian cell culture techniques coupled with controlled transfection and expression levels, and inhibition of 'de novo' protein synthesis, thus allowing the monitoring of an APP protein pool in a time-dependent manner by means of fluorescence microscopy and immunoblot analysis ( fig. 5) . The results obtained ( fig. 6 ) indicate that this new methodology represents an attractive model to study APP metabolism, including not only the tracking of its subcellular localization, traffic and rates of processing and degradation, but also to test the subcellular effects of direct APP phosphorylation.
The usefulness of our model system was entirely validated by the results obtained, since the wild type and the different mutants of the same residue were processed differently with time ( fig. 6 ). Our results lend support to the notion that the phosphorylation state of specific amino acids in the intracellular domain of APP are of paramount importance in deciding its processing and metabolic fate. That is, the exact processing of APP is dependent on the da Cruz e Silva/Vieira/Rebelo/ da Cruz e Silva phosphorylation and dephosphorylation of APP itself. The model thus developed not only represents a powerful tool in the study of intracellular protein trafficking, but also provides a useful method for studying the role that some amino acid residues and/or specific posttranslational modifications may have in a protein's intracellular fate. A significantly novel aspect to the method described is provided by the fact that we can mimic a constitutively phosphorylated or dephosphorylated residue and thus dramatically affect APP trafficking. For example, the Y682F mutant is clearly retained in the Golgi, whereas the Y682E mutant is not. This then points to the importance of Y682 phosphorylation for the exit of APP from the Golgi. Additionally, preliminary analysis of the results obtained with the different APP phosphomutants indicates that direct APP phosphorylation may also be important for e.g. incorporation of APP into vesicles. Thus, the overriding aspect is not whether or not a residue is mutated, but rather whether the mutation is mimicking a constitutively phosphorylated or dephosphorylated state. More detailed studies are currently under way to unravel the exact physiological importance of the phosphorylation of the target amino acids in the signaling domains identified within the cytoplasmic tail of APP ( fig. 2, table 1) , including the production of Aß itself.
By comparative analysis of the characteristics and relative kinetics of wild-type and mutant proteins, it is possible to unravel the absolute and relative importance of specific amino acid residues, protein domains, or protein interactions, in its targeting and/or in the mechanism itself of protein translocation over the different subcellular compartments towards its final destination within the cell. Of particular note are the recent findings that APP binds to several other proteins which effectively affect its fate. In fact, complex formation is a critical step in signal transduction systems and is highly regulated by protein phosphorylation [30] . Several binding proteins are common in the processing and metabolism of target proteins. The model described here is potentially useful to study different proteins, among them proteins involved in other neurodegenerative disorders. Both Alzheimer's disease and other neurodegenerative disorders are associated with dysfunctional signal transduction pathways and abnormal protein phosphorylation. Hence, it is not surprising to find that signal transduction therapeutics is a rapidly expanding field, potentially providing novel therapeutic strategies for a variety of dysfunctional conditions.
